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We present angular distributions of the 6He + 58Ni scattering measured at three bombarding energies
above the Coulomb barrier: E lab = 12.2 MeV,16.5 MeV,and 21.7 MeV. The angular distributions have
been analysed in terms of three- and four-body Continuum-Discretized Coupled-Channels calculations
considering the effect of the 6He breakup. A behaviour in the cross section at large angles has
been observed which was reproduced only by the four-body Continuum-Discretized Coupled-Channels
calculation.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
Low-energy reactions induced by light exotic nuclei have been
investigated over the last years using secondary beams of 6He,
11Be, and 11Li [1–7]. These nuclei show a common characteristic
which is their cluster structure, composed by a ‘stable’ core plus
one or two weakly bound neutrons. Due to the low binding ener-
gies and low angular momenta of the valence neutrons, their wave
function extends over large distances from the core, forming a kind
of halo whose density is much lower than the normal nuclear mat-
ter. In addition, 6He and 11Li are examples of three-body systems
in nature. They are called Borromean nuclei (in allusion to the Bor-
romean rings) and are bound only if their three constituents are
present. The 6He nucleus is composed by an alpha particle plus
two neutrons, but any binary sub-system of its components is un-
bound, 5He is unbound and so is the di-neutron system.
The characteristics of such light neutron rich nuclei make them
very interesting in several aspects. Some of them may play a role
in astrophysical explosive scenarios [8–11], acting as bridges to
overcome the instability gaps at A = 5 and A = 8 and participating
* Corresponding author.http://dx.doi.org/10.1016/j.physletb.2014.03.043
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article
SCOAP3.in the synthesis of heavier elements. They may also have impor-
tance in more general issues such as in the many-body problem
in physics and the possible existence of three-body states such as
Eﬁmov resonances [12,13].
The fact that some exotic nuclei present a neutron halo has
consequences from the reaction mechanism and the nuclear struc-
ture points of view. Due to their low binding energies, 0.973 MeV
for 6He, 0.5 MeV for 11Be, and 0.37 MeV for 11Li, these projectiles
are likely to breakup in the collision with a target. Moreover, the
long range of the neutron halo increases its reactivity favouring
one and two neutron transfer reactions [14]. Due to the loosely-
bound neutrons, reactions can occur even at energies around and
below the Coulomb barrier and can take place at rather large dis-
tances from the target.
From the experimental point of view, some characteristics have
been observed in the elastic scattering of exotic beams which differ
from collisions with stable projectiles. The elastic angular distribu-
tions of 6He and 11Li on heavy targets such as 120Sn [2] and 208Pb
[15,6,7], and 11Be on intermediate mass targets such as 64Zn [4],
present a damping of the Fresnel oscillations which is usually
observed at forward scattering angles and at energies above the
Coulomb barrier. On the other hand, a considerable enhancement
in the total reaction cross section with respect to the stable nucleiunder the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by
V. Morcelle et al. / Physics Letters B 732 (2014) 228–232 229Fig. 1. (Color online.) Two-dimensional spectrum obtained with the 6He beam and
58Ni target at θlab = 30◦ and E lab = 21.7 MeV.
with similar masses has been observed [2,5]. Both phenomena are
related to each other and have been interpreted as a consequence
of the coupling with the projectile breakup and possibly the neu-
tron transfer reactions. In ﬁrst order, the breakup removes ﬂux
from the elastic scattering and takes place either in the long-range
Coulomb ﬁeld (Coulomb breakup) or in the short-range nuclear
ﬁeld (nuclear breakup) [16]. Coulomb breakup dominates at large
distances, where the nuclear short-range interaction is negligible
and the high angular-momentum partial waves participate, thus
removing ﬂux at corresponding forward angles. A similar phe-
nomenon has been seen in the past (see for instance [17]) for
heavy stable systems in which the Coulomb excitation is an im-
portant reaction channel. As we go to lighter targets the Coulomb
interaction becomes less important and for very light systems the
nuclear breakup dominates. Nuclear breakup is a diffractive pro-
cess which takes place in a localized space region around the
surface of the colliding nuclei where the short-range nuclear in-
teraction is dominant. As a consequence, it tends to affect more
the large angles region as it was seen in the 6He + 9Be scatter-
ing [3], where the breakup effects appear mainly at large angles.
Here we present new data for 6He on an intermediate mass target,
58Ni.
2. Experimental setup
The experiment was performed in the São Paulo Pelletron Ac-
celerator using the RIBRAS system [18,19]. A 7Li3+ primary beam
of energies E lab = 18.0,22.0, and 27.0 MeV and intensity of I ≈
200 nAe was used to produce the 6He2+ secondary beam by the
9Be(7Li,6He)10B reaction in the primary target of RIBRAS. The pri-
mary beam intensity was measured by a Faraday cup (which cov-
ers 0 θ  2 degrees) connected to a current integrator to provide
the total incident charge at each run. A 12 μm 9Be foil was used
as primary target. The secondary target consisted of a 58Ni isotopi-
cally enriched foil of 2.2 mg/cm2. The selection of the secondary
beam was performed by the ﬁrst solenoid of the RIBRAS system.
Four E (1000 μm)–E (20 μm) telescopes formed by silicon detec-
tors were mounted in the intermediate scattering chamber to de-
tect and identify the reaction products. A two-dimensional (E–E)
spectrum can be seen in Fig. 1.
The secondary beam contaminations at this position can be
seen in Fig. 1 as the low-energy peak of 7Li2+, the higher energy
peak of α-particles (E(α) = 1.5E(6He)) and lighter particles such
as deuterons and tritons. These contaminations do not affect our
results since they are well separated from the elastic peak. Runs
using a 197Au target have been performed during the experiment
in order to normalize the data and to monitor the secondary beamFig. 2. (Color online.) Elastic angular distributions for 6He + 58Ni system at E lab =
21.7 MeV (upper panel), 16.5 MeV (middle panel), and 12.2 MeV (lower panel).
Three- and four-body CDCC calculations are also shown.
intensity. The cross sections have been obtained by normalization
with respect to the Gold target runs, for which the cross sections
are described solely by Rutherford scattering formula. Thus we ob-
tained expressions for the cross sections which are independent of
the solid angles of the detectors [2,3]:
σ
6He+58Ni(θ) = N
Ni
c
NAuc
NAub
NNib
NAut
NNit
JNi
JAu
σ
6He+197Au
Ruth (θ), (1)
where Nc is the area of the peak of interest, Nb is the total num-
ber of incident 6He beam particles during the run, Nt is the areal
density of the target in atoms/cm2 and J is the transformation
factor from the laboratory to the center of mass system. The total
number of 6He beam particles Nb is proportional to the number of
particles of the primary beam Nb = ε×N7Li , where ε ≈ 10−7 is the
production rate and N7Li is proportional to I , the primary beam in-
tegrator. Then, the equality
NAub
NNib
= IAu
INi
holds if the production rate
ε is constant between different runs.
The 6He + 58Ni angular distributions have been obtained in
the θlab = 15◦–75◦ angular range with steps of 3◦ in the labo-
ratory system. They are presented in Fig. 2 for three energies,
E lab = 12.2,16.5, and 21.7 MeV. The error bars of the experimen-
tal points are pure statistical and no systematic errors have been
included. Statistical errors appear in both terms NNi,Auc and have
been propagated through the expression above. Possible sources
of systematic errors would be in the target thickness ratio and
in the ratio of the integrators. The target thicknesses should not
give an important contribution to the errors since they have been
measured, by energy loss measurements using an alpha-source of
241Am, with a precision of about 7%, which is much smaller than
the statistical errors. In addition, systematic deviations in the tar-
get thickness measurement would affect the three distributions in
the same way.
The ratio of the integrators IAu/INi on the other hand could be
an additional source of errors due to possible variations in the pro-
duction rate between Gold and Ni target runs. Variations of about
20% or even more in the production rate have been observed dur-
ing the experiments. To better control this possible source of errors
we performed measurements of the production rate, with Gold tar-
get, just before and just after each Ni target run, and used the
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Optical potentials used in the CDCC calculations at the three energies, respectively, for α + 58Ni (top row) and n + 58Ni (bottom row).
E lab
(MeV)
V0
(MeV)
r0
(fm)
a0
(fm)
W0
(MeV)
ri
(fm)
ai
(fm)
Wd
(MeV)
rd
(fm)
ad
(fm)
Ref.
12.2 60.00 1.62 0.54 0.50 1.62 0.54 15.84 1.52 0.44 [31]
61.36 1.45 0.57 – – – 1.28 1.45 0.50 [30]
16.5 165.90 1.62 0.40 11.40 1.62 0.4 23.98 1.52 0.44 [29]
42.00 1.46 0.35 6.09 1.46 0.35 – – – [29]
21.7 135.10 1.35 0.64 7.64 1.34 0.50 18.97 1.52 0.44 [29]
42.00 1.46 0.35 6.09 1.46 0.35 – – – [29]average value of NAub and I
Au for normalization. We believe that
this procedure should account for most of the variations in the
production rate.
Additional systematic deviations in the integrator measure-
ments (IAu) could still be present but should be minimized by the
procedure of taking the ratios of these quantities, in formula (1).
Finally, it is not easy to give a precise determination of the mag-
nitude of remnant systematic errors. Comparisons between data
and calculations in previous experiments [2,3] indicate that, differ-
ences between 15–20% in the normalization of individual angular
distributions could exist. However, in the present experiment, we
believe that the errors in the overall normalization of the angular
distributions are considerably smaller than that.
3. Analysis of the elastic angular distributions
Theoretical approaches have been developed over the last
decades to describe the scattering of neutron (and also proton)
halo exotic nuclei [6,20–26]. Due to the low binding energy of the
projectiles, there is a strong coupling between the elastic scatter-
ing and breakup channels that must be taken into account. The
Continuum-Discretized Coupled-Channels (CDCC) [27] framework
allows to assess these effects. The CDCC model space includes
both, the bound and unbound states of the projectile, allowing
the evaluation of the projectile breakup and its consequences on
the elastic scattering. Since the unbound states form a contin-
uum of energy and their wave-functions are non-normalizable,
in the CDCC formalism the continuum is discretized in terms of
energy sub-intervals (bins) up to a maximum energy. A bin is
a square-integrable state constructed as a linear superposition of
the scattering states in that energy sub-interval.
The CDCC framework was ﬁrst developed for three-body re-
actions, i.e., for two-body projectiles such as 11Be. Nevertheless,
the three-body CDCC method can be applied to Borromean nu-
clei such as 6He within a di-neutron model, that is, by assuming
a two-body model for 6He consisting of an alpha core plus a di-
neutron particle. An improvement in this three-body model was
proposed by Moro et al. [28] to take into account four-body ef-
fects by using an effective two-neutron separation energy in 6He
(S2n = 1.6 MeV instead of 0.973 MeV). This modiﬁcation better
reproduces the 6He nucleus ground-state wave function and the
B(E1) strength obtained within a three-body model description
of 6He. More recently, the CDCC framework has been extended to
four-body reactions [24]. Within the four-body CDCC method, the
6He nucleus is described as a three-body system, an alpha core
plus two neutrons.
In a previous work [2], the scattering of 6He nucleus on a heav-
ier target, 120Sn, was studied using both, the four- and improved
three-body CDCC models. The calculations were very close to each
other and reproduced fairly well the experimental elastic data. On
the other hand, the same study on a light target, 9Be [3], reveals
that the agreement between both models is not that good, mainly
at large angles.In this work, we address the scattering of 6He on a medium-
mass target, 58Ni. We perform, and compare with elastic data,
standard three-body, improved three-body, and four-body CDCC
calculations. The α+ 58Ni and n+ 58Ni optical potentials used here
have been obtained from actual data and are shown in Table 1. The
2n+ 58Ni potential, used on the standard and improved three-body
CDCC calculations, was obtained by a single folding model using
the n + 58Ni optical potential, shown in Table 1, and the neutron–
neutron density distribution obtained from Ref. [28]. Continuum
states with  = 0−4 were included in the three-body calculation in
order to obtain a full convergence. In the present three-body calcu-
lations, for each partial wave, the continuum is truncated at a max-
imum excitation energy of ε = 6,9, and 15 MeV respectively for
12.2, 16.5, and 21.7 MeV incident energies, and discretized into
about 5 bins, evenly spaced in the linear momentum space. The
four-body calculations include bins up to 7, 8, and 9 MeV for the
incident energies 12.2, 16.5, and 21.7 MeV, respectively, in order
to get convergence. The inclusion of states with angular momenta
J p = 0+,1−,2+,3− was suﬃcient. For both, three- and four-body
calculations, full convergence is checked by two criteria: the total
cross section as a function of the total angular momentum J must
converge (be very small) for high J and the elastic angular distri-
butions are not sensitive to variations in the number of bins, the
maximum energy, and number of angular momenta used in the
calculation [24,28].
The results of the calculations are shown in Fig. 2. The dotted
black line is the four-body CDCC without coupling to the contin-
uum. The solid red line corresponds to the full four-body CDCC
calculation. The dashed blue and dash-dotted green lines are the
three-body calculations with 0.973 MeV and 1.6 MeV two-neutron
separation energies, respectively. We can see from Fig. 2 that the
effect of the coupling to the breakup channel is clearly the ﬂux re-
moval from the forward angles region, reducing the elastic cross
section in the region of the Fresnel peak. This behaviour is well
reproduced by the three- and four- body models used here. At
large angles, however, we observe that the fall of the angular dis-
tribution is less steep than expected by the three-body calculations
and it is reproduced only by the four-body calculation. Both three-
body calculations fail to reproduce the data in this angular region.
The improved three-body model comes closer to the data than the
standard three-body, but it is not suﬃcient to reproduce them.
The results of the CDCC calculations presented here are quite
stable with respect to variations in the parameters of the optical
potentials of n + 58Ni and α + 58Ni, which, together with the 6He
wave function, are the main ingredients to obtain the 6He + 58Ni
interaction. We performed variations (±10%) in the strengths V
and W , the radius and diffuseness of the 16.5 MeV n+ 58Ni optical
potential around the values of Table 1 and, the effect in the ﬁnal
three- and four-body calculations was of only a few percent, much
smaller than the actual difference between three- and four-body
results of Fig. 2. The sensitivity to variations in the α+ 58Ni poten-
tial was found to be even smaller, as expected since the energies
are close to the Coulomb barrier. The sensitivity to variations in the
V. Morcelle et al. / Physics Letters B 732 (2014) 228–232 231Fig. 3. (Color online.) TELP and Bare potentials from standard three- and four-
body CDCC calculations for the 6He + 58Ni system at an incident energy of E lab =
16.5 MeV.
number of bins and of angular momenta used in the calculations
was also very small, provided that convergence has been reached.
In order to better understand the dynamics of the coupling to
the breakup channel, it is interesting to look at the characteris-
tics of the polarization potential which comes out from the CDCC
calculations. Polarization potentials are in general very compli-
cated non-local quantities but, a trivially local equivalent potential
(TELP) can be obtained [32] which displays the main features of
the coupling. In Fig. 3 we present, for the incident energy E lab =
16.5 MeV, the TELP potential extracted from the CDCC calculations
as a function of the distance R between 6He and 58Ni. The po-
larization potential from the standard three-body CDCC is shown
by the dashed blue line and the four-body by a solid red line. We
also plot the 4b-Bare (red dotted) and the sum 4b-Bare+TELP (red
dash-dot-dash). One of the main characteristics of the polarization
potential from breakup is the long-range absorptive imaginary part
in the surface region and outwards. This long-range absorption de-
scribes the loss of ﬂux to the combined effect of the nuclear and
Coulomb breakup. The real part of the polarization potential, on
the other side, is repulsive in the region of the surface of the sys-
tem (R ≈ 6–7 fm) and it is due to the nuclear breakup. As we see
from the total Bare+TELP curves, the effect of the polarization po-
tential is to enhance the Coulomb barrier, reducing the fusion cross
section at this energy.
Similar qualitative characteristics, such as the long range imag-
inary and the repulsive real potentials, have been observed in the
CDCC polarization potentials in lighter systems [3] and seem to be
general features of the polarization potentials derived from CDCC
calculations, in the case of neutron halo projectiles.
Even in the context of the Optical Model, applied to the analysis
of exotic heavy systems such as 6He + 120Sn [33] and others [34],
the inclusion of a surface absorptive term in the optical potential
appears to be a necessary condition to correctly reproduce the en-
ergy dependence of the angular distributions. Such an absorptive
surface term simulates the dynamics of peripheral reactions, such
as breakup and neutron transfers, that are taking place in the re-
gion near to the Coulomb barrier.
Another important information that one can obtain from the
elastic scattering is the total reaction cross section. The total re-
action cross sections obtained from the present four-body CDCC
calculations are of 1185, 1833, and 2185 mb, respectively for
Elab = 12.2,16.5, and 21.7 MeV. We transformed these cross sec-
tions and energies using the recipe of Gomes et al. [35], to be able
to compare them with data for stable weakly bound systems suchas 6,7Li and 9Be [36,37] on similar mass targets. We found a con-
sistent enhancement of about 40–50% in the total reaction cross
section for 6He+58Ni with respect to the stable weakly bound 6,7Li
and 9Be. This result is in agreement with previous results from
similar analysis of intermediate mass and heavy systems [14,39,
40]. However, for lighter systems such as 6He+ 9Be and 6He+ 12C
the enhancements are lower, around 25% [38] or less [20].
4. Summary and conclusions
We measured the 6He + 58Ni scattering at three energies
slightly above the Coulomb barrier. We performed standard and
improved three-body CDCC calculations and the more appropriate
four-body CDCC calculations. Both three-body models fail to repro-
duce the experimental elastic data for the whole angle range. On
the other hand, four-body CDCC calculations reproduce very well
the experimental data without any parameter adjustment.
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